Background: Sulfuric acid aerosol is suspected to be a major contributor to mortality and morbidity associated with air pollution. Objective: To determine if exposure of human participants to anticipated levels of sulfuric acid aerosol (∼ 100µg/m 3 ) in the near future would have an adverse effect on respiratory function. Methods: We used data from 28 adults exposed to sulfuric acid for 4 hours in a controlled exposure chamber over a 3 day period with repeated measures of pulmonary function (FEV1) recorded at 2 hour intervals. Measurements were also recorded after 2 and 24 hours post exposure. We formulated a linear mixed effect model for FEV1 with fixed effects (day of treatment, hour, day-hour interaction, and smoking status), a random intercept and an AR1 covariance structure to estimate the effect of aerosol exposure on FEV1. We further assessed whether smoking status modified the exposure effects and compared the analysis to the method used by Kerr et al.,1981 . Results: The effect of day 3 exposure is negatively associated with lung function (coefficient (β), -0.08; 95% CI, -0.16 to -0.01). A weak negative association is observed with increasing hours of exposure (β, -0.01; 95% CI, -0.03 to 0.00). Among the smokers, we found a significant negative association with hours of exposure (β, -0.02; 95% CI, -0.03 to -0.00), day 3 exposure (β, -0.11; 95% CI, -0.14 to -0.02) and a borderline adverse effect for day 2 treatment (β, -0.06; 95% CI, -0.14 to 0.03) whilst no significant association was observed for nonsmokers. Conclusions: Anticipated deposits of sulfuric acid aerosol in the near would adversely affect respiratory function. The effect observed in smokers is significantly more adverse than in nonsmokers.
Introduction
Sulfuric acid (H 2 SO 4 ) is considered a possible cause of increased mortality and morbidity resulting from various episodes of air pollutions over the past. [1] [2] The recent increases in H 2 SO 4 emission from automobile catalytic converters present enormous environmental challenges with peak estimates projected to reach as high as 80µg/m 3 in some industrialized countries. [3] The effect of sulfuric acid aerosol on pulmonary function in humans has been demonstrated in various studies over the past. [4] In controlled studies [5] [6] where participants were exposed to high levels of H 2 SO 4 (≥ 200 micro grams per meter-cube, µg/m 3 ), adverse effects in pulmonary functions were associated with H 2 SO 4 . However, studies of the association of lung function and low levels of H 2 SO 4 have generally reported inconsistent findings. Kerr et al. (1981) , in their analyses, reported no significant difference in pulmonary function in a randomized study where participants were exposed to 100 µg/m 3 of H 2 SO 4 in an environmentally controlled chamber.
The objectives of the current study include (1) 
Methods

Exposure and Outcome definition
The study design, experimental set-up and methods used are described in (Kerr et al., 1981) . Additionally, information on other pulmonary function measurements not included in the current report are provided in [4] .
Subject selection
The study was based on 28 healthy adults (aged 18-45 years) with no previous history of chronic respiratory or cardiovascular diseases. The participants comprise of 19 males and 9 females, 14 smokers and 14 non-smokers of mean age 24 and mean height 175m. The participants were required to refrain from smoking the morning prior to the study.
Air Pollution Exposure
The study was conducted in an environmentally controlled exposure chamber. Over a 3-day period and at the same time, the participants were exposed to: (1) treatment day 1, the subjects breathed in only filtered clean air for 6 hours; 2) treatment day 2, they breathed in 100µg/m 3 of sulfuric acid for 4 hours; and 3) treatment day 3, the subjects breathed in only filtered clean air for 6 hours. At the time of study, the participants were blinded to the type of exposure administered in any day.
Outcome Measures
Measurement of pulmonary test function (FEV1) by spirometry was performed prior to exposure, at 2 hours during exposure, immediately following exposure (approximately 4 hours from the starts), and 2 hours post exposure. The same measurements were repeated for each participant for three consecutive days. To simulate an environment similar to living in an urban setting, at 1 hour and 3 hours during exposure in each day, the participants were required to complete a bicycle ergometer exercise using a load of 100W at 60rpm for 15 minutes.
Additional covariates
Information was also collected on other relevant covariates which were taken into account during study design; they include age, height, sex, day of treatment, time of measurements and smoking status. All the variables included in the study had no missing measurement.
Statistical Analysis
Statistical analyses were performed using R Version 3.4.2 (R Foundation for Statistical Computing, Vienna, Austria). In this analysis, we formulated a linear mixed effect (LME) model to fit the repeated FEV1 measure. To properly specify the LME model, we used the four-stage approach recommended by Diggle and Verbeke, 2002 and others. [7] [8].
In the exploratory analysis, we plot repeated FEV1 measures of participants in each of the three treatment groups. In Figure 1 , we present individual FEV1 measurements for treatment day 1 (left), day 2 (middle) and day 3 (right). The day curves for measures of FEV1 appear to be linear with time suggesting they could be included in the model as a linear covariate. In Figure 2 , we present an exploration of the mean FEV1 curves for each treatment day over the time course of treatment. The mean curves suggest linearity in mean FEV1 over treatment duration. In the LME model, we proposed a mean model component involving linear fixed effects of the treatment groups (day), time (hour), treatment-time interaction (day-hour interaction), and smoking status.
The second stage involves specifying a covariance structure to proper capture variations between individual participants and the covariance between FEV1 measurements at different times on the same participant. Residuals obtained from a linear fit of the mean component specified in the first stage are used to construct an empirical correlation matrix of the 6-hour time-period. The estimates of the variance between participants in the same treatment group (day) are printed in the diagonals of the covariance matrix in Table 1 . The patterns observed from the exploratory plots and examination of the correlation structure seem to suggest a model with random intercepts with measurements taken close apart being more correlated. Additionally, a scatter plot of FEV1 measures at different times in Figure 3 suggest a homogeneous variability between individuals. Consequently, we propose an autoregressive order 1 (AR1) covariance structure and random intercepts term for the participants.
We combine the mean model component and variance structure proposed in stage I-II to formulate a linear mixed model for FEV1 of the form
where β 0 represents a common constant for all measurements, β 1 is the coefficient of smoking status, α i is the parameter for treatment day i, γ k is the parameter corresponding to the hour k and µ ik is the coefficient of the interaction between day i and hour k. We assume the random intercept b ij is normally distributed with mean zero and constant variance σ b , the measurement error ijk is normally distributed with mean zero and variance σ and independent of b ij . In the third and fourth stages, we fit the mean model and explore the possibility of incorporating polynomial day curves over treatment hours.
To assess the presence of potential effect modification resulting from the smoking status of the participant, we separately analyze FEV1 measurements for smokers and nonsmokers, and assess the difference in exposure effect between smokers and nonsmokers.
Finally, we examine model diagnostic plots to access the LME model assumptions. The normality assumption of the random intercept and measurement error are assessed from Q-Q plots of the random intercept in Figure 5 . The plots of standardized residuals are also presented in Figure 6 to assess the assumption of linearity. Further, the appropriateness of the specified autocorrelation is also assessed via examination of ACF plots of the normalized residuals of the fitted model. In order to ensure that the specified correlation structure is indeed ideal, the fitted model is compared with a model incorporation a compound symmetric covariance structure (a potential candidate for the covariance structure) and the model with the best fit is consequently selected by based on AIC criterion.
Results
Participant characteristics in the three treatment days are described in the methods section. Out of the 28 participants, 14 smokers and 14 nonsmokers, the mean FV1 measurement on treatment day 1 varied from a maximum of 4.23 prior to filtered air exposure to 4.15 after 4 hours of exposure. A similar varying mean FEV1 measure is observed on day 3, under the same filtered air treatment, with a maximum mean measure of 4.23 observed immediately post exposure and the least measure just before exposure. On day 2, when the participants were exposed to 100 of sulfuric acid, we observe a low mean FEV1 measure of 4.14 after two and four hours of exposure; the highest mean FEV1 measure was 4.22 on exposure day 2 is observed. More specifically, we observe a decreasing trend in pulmonary lung function in the day 2 mean plot in Figure 2 ; the trend begins to improve with improving FEV1 measure post exposures. In Table  1 , we present the covariance and correlation of mean FEV1 measures between the different measurement times. The between-patient variances within day group at each measurement time are seen in the diagonals of the covariance matrix ranging from 0.79-0.83 and the correlation below the diagonals range from 0.98-1. In general, we observe a decreasing empirical correlation estimate from 0.99 between FEV1 at time Hour 0 and Hour 2 to 0.98 between FEV1 at time Hour 0 and HR 6. A Scatter plot of FEV1 repeated measures at each 2-hour versus FEV1 all other measurement times are presented in Figure 3 . Based on results obtain from the exploratory data analysis, we proposed linear mixed model FEV1 in equation (1) . The model included smoking status, day of treatment, hour (time), day-hour interaction, and a random intercept with an AR1 covariance structure. Results obtained from a fit of the linear mixed model proposed in equation one is presented in Table 2 . Table 2 : Linear mixed effect model for FEV1
Exposure to sulfuric acid in treatment day 2 is seemingly weakly associated with a decrease in FEV1 measures with an effect estimate (95% CI) of -0.03(-0.12, 0.04). Compared to the baseline day 1 exposure, we see a significant adverse association between exposure to filtered air on day 3 and pulmonary function measure with an effect estimate (95% CI) of -0.08(-0.16,-0.01). Further, with increasing time, we see a seemingly negative association between exposure to sulfuric acid and pulmonary function over the course of the study with a somewhat weaker significant effect estimate -0.01(-0.03,0.00). We see similar weak, but positive, associations between FEV1 and the effect of interaction between sulfuric acid exposure on day 2 and hour 0.01(-0.01,0.03) or the interaction between day 3 and hour estimate 0.02(0.00,0.04).
An assessment of potential effect modification by smoking status indicates a significant evidence of modification of the association between FEV1 measure and treatment day 3, and the association of FEV1 with time (hour). Results obtained from separately analyzing data for smokers and nonsmokers is in Table 3 . As expected, in the group of participants who smoke, we observe a significant adverse association between FEV1 measures and time of exposure with an estimated effect (95% CI) -0.02(-0.03,-0.00). A similar negative association of FEV1 measure and exposure to filtered clean air on day 3 is observed (coefficient -0.11, 95% CI -0.14 to -0.02). Table 3 : Linear mixed effect model estimates for FEV1 independently assessed for smokers and nonsmokers
In Figure 4 , we show a diagnostic plot of the assessment of the AR1 correlation structure. The plots of the normalized residuals indicate that our model has dealt with temporal autocorrelation at lag 1 and 2. However, we observe some unexpected values for larger lags probably resulting from other anomalies in the data. The correlation pattern was further assessed by examining a variogram plot of the residuals. Additionally, residual plots of the model and random intercept, in Figure 5 (right), do not give any indication that the normality assumptions are violated. Moreover, a plot of the observed and fitted values in Figure 5 indicates a suitable fit of the model to data. 
Discussion
Results obtained in this analysis indicate that short-term exposure to low levels of sulfuric acid aerosol has an adverse effect on the measure of pulmonary lung function (FEV1). More specifically, we see a significant negative association between FEV1 and treatment with filtered clean on the last day of the trial. A similar seemingly negative, but weak, association is observed with time (hour) of exposure to sulfuric acid. A stronger adverse effect is evident in participants who smoke compared to nonsmokers.
Previous studies [9] [10] have suggested that sulfuric acid constitutes the main component of air pollution responsible for increased mortality and morbidity in various events of major air pollution over the recent past. Spektor et al., 1989 [11] showed that cumulative exposure of inhaled sulfuric acid on is adversely associated with tracheobronchial particle clearance in healthy humans. Similar studies [6] [5] [9] over the years support the general consensus that exposure to high levels of sulfuric acid could lead to complications with pulmonary system. However, results from [4] looking at exposure to low doses of sulfuric acid exposure have been inconsistent. The analysis in this report explored the possibility of effect modification by smoking status of the participant. As expected, participants with previous smoking history appear more adversely affected by exposure to sulfuric acid compared to nonsmokers. This is indicative of a major flaw in the design of the study, which inadvertently affected the analysis in Kerr et al. (1981) . In our analysis, results obtained from fitting a model for smokers among the participants were significantly different from the results obtained for nonsmokers. In general, we observe a weak adverse effect of exposure to sulfuric acid on pulmonary lung functions. These findings are in line with previous work using higher concentrations of the exposure primarily in animals.
In the analysis of the dataset presented by Kerr at al., 1981, they reported no significant difference in pulmonary function during exposure, immediately after, or 2 and 24 hours post exposure. In their analysis of the data, they used a paired student t-test to compare the exposed participant with their controls. They assumed that the design was completely randomized and balanced. Indeed, the analysis would have been suitable if the measurements were not repeated and adjustments were only needed for within-subject variations. Consequently, a limitation of the method they used is that it does not account for repeated measurements within a subject and potential between-subject variations. They also used ANOVA for factorial design to assess the varying effect of pulmonary lung function with day of exposure, hour and day-hour interaction; however, the method is often criticized to be biased in general and loses information by not effectively incorporating intermediate measurements. Moreover, it could lead to inaccurate conclusions in unbalanced designs. [12] As a consequence of the patterns of correlations observed in the exploratory analysis, a standard analysis of variance as prescribed in Milliken and Johnson [3] is likely not appropriate for this dataset. Thus, a linear mixed effect analysis implemented, which did not in general assume a complete balance setting. A major advantage of using a linear mixed model for this design is that the manner in which the subjects are assigned to the treatment days in itself typically induces a covariance structure. Moreover, the design induces a covariance due to the contributions of the random effects. In the analysis, the 28 participants were included in the analysis and any potential confounding resulting from smoking was controlled by including their smoking status in the model.
In order to accurately capture the true effect of exposure to sulfuric acid on pulmonary lung function, information on other potentially relevant variables would need to be properly included in the mean model. Incorporating fundamental covariates such as age, sex and BMI could immensely improve the model fit. The accuracy of the present analysis, in part, assumes that during the design stage as reported in Kerr et al. (1980) , the effect of the variables age, height and sex were controlled. Another possible limitation of the model is in the specification of the covariance structure. Although the model with the best covariance structure was selected (AR1 VS Compound symmetric), the number of repeated measures was too small to truly capture and account for the covariance structure of the data generating mechanism. [13] We conclude that short-term exposure to sulfuric acid is negatively associated with the measure of pulmonary lung function FEV1; this is particularly evident among smokers. Since the study was conducted over a short period of time using a low dosage of sulfuric acid, we observe a minimally weak adverse effect in nonsmokers. This seems to be in agreement with studies [11][14] that assessed the association between FEV1 and exposure to various sulfuric constituents of air pollutants. A further investigation incorporating other potentially useful risk factor or longer exposure time is warranted.
